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 Hydrothermal carbonisation (HTC) is a thermochemical process that converts 
organic wastes into a coal-like material named ‘biochar’ or’ hydrochar’. The process 
involves application of high temperature and pressure to solid biomass in a suspension 
with water for several hours. 
Palm oil refining industry is one of the largest industries in Malaysia. 
Consequently, the volume of Palm Oil Mill effluent (POME) generated would be 
massive. This polluting oily waste water always causes environmental issues and 
requires certain cost for its treatment before discharge. The objective of the project is to 
verify the potential of HTC process to upgrade or treat POME, to study the effect of 
temperature, formaldehyde concentration, pH value and feed solid:water ratio towards 
hydrothermal carbonisation of POME and also the significance of each factor to the 
quality of hydrochar generation and lastly to select the optimum operating condition. 
Based on literature review, most researches are commonly done with the solid biomass. 
However, there are no wide studies on HTC process on waste in sludgy liquid form for 
example palm oil mill effluent. 
In this project, the scope will be focusing on producing hydrochar from POME. 
The quality of hydrochar will be analysed using Heating Value Analysis, Ash Content 
Analysis, and Carbon content. Taguchi method is implemented in this project to simplify 
and reduce the duration required for the project.  This method adds the context of quality 
engineering into the common HTC studies. 
The result of the experiment shows that HTC process has high potential to 
upgrade POME to higher value product. Increasing temperature and humidity reduces 
yield and ash content but increases heating value and carbon content. Increasing 
formaldehyde concentration gives positive results to all the parameters. The effect of 
temperature and formaldehyde concentration is more dominant in HTC process. The 
suggested operating conditions for HTC process are 270
o
C, 2.5 wt% Formaldehyde 




First and foremost, the author desires to express his warmest gratitude to his 
Final Year Project supervisor, Mr. Azizul B. Buang, for being very helpful and 
encouraging. From the start of the project, he had been giving guidance from the 
smallest detail. He had taught how to conduct proper research, starting from the 
inception through practical hands-on, on to the presentation of findings. He had instilled 
in the author the sense of team work, good communication skills and project 
management.  
Next, the author would like to thank all the staffs in Kilang Sawit Felcra Berhad 
Nasaruddin - Oil Palm Mill. The staffs had been giving full collaboration in terms of 
sample collection and information regarding the material used in the project which is 
Palm oil mill effluent - POME. 
Besides, the author would like to express his appreciation to the laboratory 
technicians in the Chemical Engineering Department, from Block 3, Block 4, Block 
5.and Block 19.To name a few are Mr. Shahanizam, Mr. Razif, Mr. Saharudin and Mdm. 
Azriha. They have been providing the author with assistance, technical knowledge and 
resources which are much needed to complete the project apart from providing apparatus. 
Their aids have been a good push to the project. 
Last but not least, the author would like to appreciate the assistance from Mr. Md 
Yazid laboratory technologist from Tanjung Bin Power plant. He had assisted physically 
by providing CHN analysis service to achieve the goal. In addition, the author would 
like to deliver special thanks and appreciation to other parties and individual who had 
provided consultations, ideas and aids contributing to completion of this project.  
 
 
TABLE OF CONTENT 
CONTENTS         PAGES 
Certifications      …………………… I - II 
Abstract      …………………… III 
Acknowledgement     …………………… IV 
List of Figures      …………………… V 
List of Tables      …………………… VI 
Abbreviations and Nomenclatures   …………………… VII 
Chapter 1: Introduction 
1.1 Background  Study    ……………………. 1-3 
1.2 Problem Statement    ……………………. 4-5 
1.3 Objectives      ……………………. 6 
1.4 Scope of Study     ……………………. 6 
1.5 Relevancy of the project    ……………………. 7 
1.6 Feasibility of the project    ……………………. 7 
Chapter 2: Literature Review 
2.1 Hydrothermal Carbonisation   ……………………. 9 
2.3 Brief History     ……………………. 9-10 
2.2 Relevant researches and Theory   ……………………. 11-16 
Chapter 3: Methodology/ Project Work   
3.1 Proposed Experiment Procedure   …………………… 17-25 
3.2 Project Activities     …………………… 26 
3.3 Project Key Milestones and Project Timeline …………………… 27 
Chapter 4: Result and Discussion   …………………… 28-39 
Chapter 5: Conclusion and Recommendations …………………… 40 
References      …………………… 41-43 
Appendices      …………………… 44-50
V 
 
LIST OF FIGURES 
List of Figures Page 
FIGURE 1.1 Palm Oil production by country 
FIGURE 1.2 Annual Palm Oil Production Trending Curve 
FIGURE 2.1 HTC Process Flow 
FIGURE 2.2 Yield of hydrochar with and without Formaldehyde 
FIGURE 2.3 Effect of temperature (Faecal Biomass) 
FIGURE 2.4 Effect of humidity 
FIGURE 2.5 Effect of temperature (Maize Silage) 
FIGURE 3.1 Project Flow chart 
FIGURE 3.2 Raw POME from Palm Oil Mill 
FIGURE 3.3 Aluminium dishes 
FIGURE 3.4 Laboratory Oven 
FIGURE 3.5 Autoclave 
FIGURE 3.6 Autoclave Control Panel 
FIGURE 3.7 Bomb calorie meter 
FIGURE 3.8. Project Activities 
FIGURE 3.9  Project Key Milestones and Project Timeline 
FIGURE 4.1 Ignited Hydrochar 
FIGURE 4.2 Average Values plotting of Yield 
FIGURE 4.3 Average Values plotting of Ash Content 
FIGURE 4.4 Average Values plotting of Ash Content 

























LIST OF TABLES 
List of  Tables Page 
TABLE 1.1 Properties of POME 
TABLE 1.2 POME discharge limit 
TABLE 2.1. Timeline of Hydrothermal Carbonisation related researches 
TABLE 2.2 Effect of pH Val 
TABLE 2.3 Research summaries 
TABLE 2.4 Research Methods summaries 
TABLE 3.1 L’16 Orthogonal Array (Taguchi Method) 
TABLE 3.2 Experiment designed using Taguchi method 
TABLE 3.3 Ash Content Analysis 
TABLE 3.4 Heating Value Analysis 
TABLE 3.5 Classification of performance characteristics 
TABLE 3.6 Average Values tabulation. 
TABLE 3.7 SN ratio analysis 
TABLE 4.1  POME Dry mass analysis result 
TABLE 4.2 Observation of the products 
TABLE 4.3 Yield results 
TABLE 4.4  Average value analysis for yield 
TABLE 4.5. SN ratio Analysis for yield 
TABLE 4.6 Ash Content 
TABLE 4.7 Average Value Analysis for Ash Content 
TABLE 4.8 SN ratio Analysis for Ash content 
TABLE 4.9. Heating Value results 
TABLE 4.10 Average Value Analysis for Heating Value 
TABLE 4.11 SN ratio Analysis for Heating Value 
TABLE 4.12 CHN Analysis results 
TABLE 4.13 Average Value Analysis for Carbon content 
TABLE 4.14 SN ratio Analysis for Carbon Content 
TABLE 4.15 CHN Analysis results 
































ABBREVIATIONS AND NOMENCLATURES 
 
HTC  Hydrothermal Carbonisation 
CHN  Carbon, Hydrogen, Nitrogen 
POME  Palm Oil Mill Effluent 
MT  Mega tonnes 
EFB   Empty Fruit Bunch 
OMW  Olive Oil Mill Waste Water 





1.1 BACKGROUND OF STUDY 
Organic waste can be defined as waste that is biodegradable. It includes 
food waste, agricultural waste, sewage and animal faeces. Among all the sources, 
agricultural activities contribute most of the organic wastes for most of the 
countries including Malaysia. Nowadays, these wastes are normally managed by 
disposing to landfill, composting or energy harvesting.  
Palm oil industry is selected in this project due to its significant role in 
Malaysia. According to the data obtained from indexmundi.com, Malaysia is 
currently second largest crude palm oil producing country.  It is showed in figure 
1.1 
 
FIGURE 1.1 Palm Oil production by country  
("Palm Oil Production by Country in 1000 MT," 2013) 
The project is targeted to find a novel approach of fully utilising the oily 
and high solid content wastewater produced by palm oil refining industry. The 
polluting wastewater is commonly called Palm Oil Mill Effluent (POME) or Oil 





Palm Oil Prodiction by Country 2013 (Unit=1000MT) 
Indonesia, 31000 Malaysia, 19200 Thailand, 2100
Columbia, 1000 Nigeria, 930 Others, 4113
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sterilization, hydro cyclone waste, and separator sludge throughout crude palm 
oil extraction process where separator sludge and sterilizer effluent are the major 
culprits contributing to the highly polluting characteristics of POME. (Poh, Yong, 
& Chong, 2010) Unlike other palm oil industry waste such as empty fruit 
bunches (EFB) and palm kernel shells which can be directly used as biomass fuel 
for electricity generation and heating utilities, POME is a wastewater that 
contains both high amount of water and solid. This characteristic has caused 
higher cost and efforts required to treat POME as wastewater or to dry it for 
further utilisation. Hence, POME is selected as the targeted research material 
since it is very abundant in Malaysia and yet to be utilised as much as other palm 
oil industry waste products such as empty fruit bunches (EFB). According to the 
literature review process, it is clear that there are researches done on most solid 
palm oil industry wastes but there are little or no researches that had been 
conducted on sludgy liquid waste such as POME. The most similar research 
would be HTC process on Olive Oil Mill Effluent. 
With the increasing awareness of renewable energy due to the worries of 
depleting fossil-fuels, researches based on organic waste energy recovery are 
increasing by years. With the fact that fossil fuels are originally comes from 
organic matters, it is highly possible to recover energy from organic wastes. 
Some of the common methods include pyrolysis, gasification and hydrothermal 
treatment. 
In order to treat POME, Hydrothermal carbonisation (HTC) is proposed 
to upgrade the waste into more useful products such as fuel.  Hydrothermal 
carbonization (HTC) is a thermal conversion process in the presence of water. In 
the process, the water together with solid biomass is heated up in a confined 
volume and hence both the pressure and temperature of water will increase above 
normal water boiling point. HTC method has been shown to be environmentally 
and energetically advantageous for the conversion of wet feed stocks to a carbon-
rich, energy-dense solid material often referred to as “Hydrochar”. (Lu, Flora, & 
Berge, 2014) The main reason of selecting this treatment method is the HTC 
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process does not require drying. According to Elliott (2011), the role of water is 
important as it provides a mean to access ionic reaction conditions.(Elliott, 2011) 
In addition, HTC hydrochar has H/C and O/C ratios similar to that of coal, and 
higher calorific (heating) value comparable to coal so can be used as fuel. 
(Danso-Boateng et al., 2013) At lower temperatures, hydrothermal processing 
leads to carbonization reactions and the primary product is a biochar. At 
intermediate temperatures, below the critical point of water, the process is 
hydrothermal liquefaction and the primary product is a biocrude. Above the 
critical point, gasification reactions predominate and the primary product is a 
syngas.(Biller & Ross, 2012)  
The purpose of this project is to verify the potential of POME to undergo 
hydrothermal carbonisation. The judgement will be made through the heating 
value of generated biochar, biocrude and also chemical analysis on the biochar, 
biocrude and remaining aqueous solution. Product of gasification will not be 
tested since it is insignificant in the temperature range of hydrothermal 
carbonisation process. A few parameters would also be tested which include 
effect of temperature, effect of additives concentration and also solid:water ratio. 
The significance of each variable to the quality of hydrochar product will also be 
judged. 
Another creativity that had been included in this project would be the 
integration of Taguchi Method, a famous Quality Engineering design of 
experiment method. Since there are 3 variables that are targeted to be tested, this 
method is selected. The Taguchi method is optimal to be used when there are 3-
50 variables in the experiment. However, the method assumes few interactions 
between variables, and only minimal variables contribute significantly.(Fraley, 
Oom, Terrien, & Zalewski, 2007) The biggest advantage of this method is its 
ability to cut down the number of experiments required to observe the influence 
of each parameters to the targeted outcome and also the significance of each 
parameters to the outcome relatively.  
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1.2 PROBLEM STATEMENT 
As mentioned before, Malaysia is the second largest crude palm oil producing 
country. In fact, the industry is still experiencing some growth in the past few years. 
Figure 1.2 shows the annual production of crude palm oil in Malaysia 
FIGURE 1.2 Annual Palm Oil Production Trending Curve ("Production Statistics," 2013) 
The growth of palm oil extraction industry had definitely increased all the waste 
including POME. Based on the fact that 3 tonnes of POME is being generated from a 
tonne of crude palm oil produced in palm oil mills (Poh et al., 2010), Malaysia generated 
approximately 57.65 million tonnes of POME in year 2013.  
Referring to table 1 and table 2 regarding the properties of POME and the POME 
discharge limit set by Environmental Quality Act 1974, POME is a very polluting 
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Trending of Annual Crude Palm Oil Production in Malaysia 
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TABLE 1.1 Properties of POME (Poh et al., 2010) 
 
 
TABLE 1.2 POME discharge limit(Poh et al., 2010) 
 
 
Besides, in order to treat the highly contaminated POME, high cost is required. 
Assuming a Compact Tertiary Plant design, estimated cost for POME treatment of 30 
tonnes Fresh Fruit Bunches hr
-1
 palm oil mill is RM 1.4 million. (Sulong & Wahab, 2008) 
The figure does not include the operating cost of the treatment plant. In addition, normal 
waste water treatment will generate sludge which will require the plant to pay for the 
high disposal cost. Hence, the cost will be more justified if the waste can be used to 
generate income or to cover some utility cost.  
Thus, if hydrochar can be generated successfully from POME, it can be used as a 
fuel for heat utilities and power cogeneration. However, compare to other types of palm 
oil industry waste, the moisture content in POME is relatively high and most utilisation 
methods requires drying of biomass. Therefore, the selected method to be studied is 
hydrothermal carbonisation.  
In addition to this problem, there is little or no researches on HTC process of 
POME conducted. The most HTC researches done for HTC process using waste from 
Palm oil Extraction Industries are based on Empty fruit bunches (EFB). Information 




The objectives of the project include: 
1. To verify the potential of HTC process to upgrade or treat POME through 
heating value analysis and chemical analysis 
2. To study the effect of temperature, additives concentration, pH value and 
feed solid:water ratio towards hydrothermal carbonisation of POME. 
3. To identify the significance of each parameters towards the quality of 
hydrochar 
4. To select optimum operating parameters for HTC process of POME 
1.4 SCOPE OF STUDY 
The experiment will use POME collected from actual palm oil mill and 
gone through hydrothermal carbonisation. To increase the effectiveness of the 
process, the experiment is repeated for different operating parameters: 
1. Reaction temperature 
2. Presence of formaldehyde and the concentrations 
3. Solid:water ratio 
Besides, the following analysis will also be done on the solid and liquid 
samples to know the quality of products. 
1. Heating Value Analysis 
2. Ash Content Analysis 
3. Carbon, Hydrogen, and Nitrogen (CHN) Analysis 
Taguchi method of design of experiment is used to distribute the four 
operating parameters. Data analysis will be done to verify the effect of the four 
operating parameters to the heating value, ash content, carbon content and their 
significance to the process. 
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1.5 RELEVANCY OF THE PROJECT 
This project is important as it deals with current issue in one of the largest 
growing industry in Malaysia which is Palm oil refining industry. In addition, 
POME is costly to be treated while Hydrothermal Carbonisation method has 
potential to upgrade the wet biomass to fuel. It is also a highly polluting waste if 
discharged without treatments and expensive to treat. Besides, this project is 
relevant as hydrothermal carbonisation of POME as a sludgy liquid waste has not 
been widely addressed yet. 
 
1.6 FEASIBILITY OF THE PROJECT 
Although the project is not yet done by any parties, there were similar 
project that utilise other types of biomass sources. Hence, sufficient information 
is required to complete the project. The project deals with plenty of scope of 
experiments whereby 3 parameters are tested while judgement is done based on 4 
parameters in the reaction product. Furthermore, the number of experiments is 
trimmed by using Taguchi’s method in Design of Experiment. It is positive that 
this project can be completed within the time allocated with helps and guidance 
from the supervisor and the coordinator, and smooth process in acquiring 





2.1 HYDROTHERMAL CARBONISATION 
The hydrothermal carbonization process (HTC) is a type of thermal 
conversion process. Similar to formation of coal, the solid content of biomass is 
being heated up in a confined space. With increasing temperature, the pressure in 
the confined volume will increase. Under high temperature and pressure 
environment with lack of oxygen due to presence of water, the carbonisation 
takes place. Consequently, the product formed would be similar to coal. The 
diagram below shows the reaction flow of HTC process. 
 
FIGURE 2.1 HTC Process Flow 
Some other form of thermal conversion processes includes pyrolysis and 
gasification. The most obvious advantage of hydrothermal process is it requires 
lower temperature compare to pyrolysis and even biodiesel production which 
will greatly reduce energy cost to produce the fuel.  This is supported by the fact 
that pyrolysis requires temperature approximately 400
o
C. (Song, Xue, Chen, He, 
& Dai, 2014) Besides, gasification requires temperature of biodiesel reaction 
requires temperature of 700K to 100K. (H. Liu et al., 2014) On the other hand, 
HTC requires temperature lower than 300
o














2.2 BRIEF HISTORY 
The hydrothermal carbonization process (HTC) was first described by 
Friedrich Bergius in 1913, however due to the rising importance of oil, its 
industrial application was not developed.("Hydrothermal Carbonization of 
Biomass Technology,") The topic only starts getting interest from researchers 
around the year 2005 and 2006. In 2005, Japanese researchers had tried to 
convert methane fermentation sludge into hydrochar using hydrothermal 
carbonisation.(Sato, Mochidzuki, Sakoda, & Sato, 2005) On the other hand, in 
2006, catalyst of iron oxide nanoparticles were being tested in the trial of 
converting starch and rice carbohydrates into biochar.(Cui, Antonietti, & Yu, 
2006) 
Since then, more researchers started to look into the hydrothermal 
carbonisation process. In 2009, the possibility of microwave heating technique to 
be integrated into hydrothermal carbonisation process had been tested. (Guiotoku, 
Rambo, Hansel, Magalhães, & Hotza, 2009) Besides, more and more organic 
wastes are being tested consequently which includes Palm Empty fruit bunch 
(EFB), microalgae, maize silage, sugarcane bagasse, waste whey and sewage 
sludge. Some plants such as loblolly pine are also used to conduct the experiment. 
From here we can know that most researches are conducted on solid biomass 
instead of sludgy liquid waste except sewage sludge. 
The timeline and development of hydrothermal carbonisation can be 
summarised by the table 3. It involves the discovery of microwave- assisted 
heating method and a series of possible material for the HTC process. Some had 









 TABLE 2.1. Timeline of Hydrothermal Carbonisation related researches 
Year Research Focus References 
2005 
Methane Fermentation Sludge (Sato et al., 2005) 
2006 
Starch and Rice Carbohydrates (Cui et al., 2006) 
2009 
Microwave-Assisted Method (Guiotoku et al., 2009) 
2010 
Palm Empty Fruit Bunches (Inoue, 2010) 
2010 
Microalgae (Heilmann et al., 2010) 
2011 
Maize Silage (Mumme et al., 2011) 
2012 
Sugarcane bagasse with microwave heating (Chen, Ye, & Sheen, 2012) 
2013 
Waste Whey (Escala et al., 2013) 
2013 
Loblolly pine (Uddin, Reza, Lynam, & 
Coronella, 2013) 
2014 
Sewage Sludge (Zhao, Shen, Ge, & Yoshikawa, 
2014) 
2014 Prosopis africana shell with Microwave-
assisted 
(Elaigwu, Rocher, Kyriakou, & 
Greenway, 2014) 
2014 Woody Biomass and Agro-Residue (Liu, Quek, & Balasubramanian, 
2014) 





2.3 RELEVANT RESEARCHES AND THEORY 
Hydrochar produced by hydrothermal carbonisation is more often being 
tested and examined as a solid fuel where common analysis for fuel such as 
heating value analysis and ash content analysis are being conducted. However, 
hydrochar has also potential to become an adsorbance. According to (Parshetti, 
Chowdhury, & Balasubramanian, 2014),  hydrochar derived from food waste 
exhibit positive results in removing dye from large volume of aqueous solution. 
According to Kang, Li, Fan, & Chang (2012), black liquor from paper 
making industry can be used to produce hydrochar. This research highlighted the 
application of formaldehyde as a catalyst. The effect of reaction temperature 
towards properties such as yield, high heating value, carbon recovery efficiency 
and ash content is also studied in this research. It is proven in this research that 
presence of formaldehyde and temperature of 265
o
C give positive results towards 
the properties. Figure 3 shows the result of the research. 
.  
FIGURE 2.2 Yield of hydrochar with and without Formaldehyde 
As stated by Danso-Boateng et al. (2013), faecal biomass can also be 
used to generate hydrochar using HTC process. The research focuses on the 
effect of moisture content towards the hydrochar quality. It also compares the 
significance of temperature and reaction time towards the quality of hydrochar. 
The research outcomes include temperature is a more significant factor compare 
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to reaction time. Higher initial moisture content resulted in lower hydrochar yield 
while the extent of carbonisation was more evident in feedstock with lower 
moisture content. Figure 4 and 5 show the result. 
 
FIGURE 2.3 Effect of temperature (Faecal Biomass) 
 
FIGURE 2.4 Effect of Humidity 
Based on research conducted by Oliveira, Blöhse, & Ramke (2013), 
different types of agricultural residues are tested for the potential use as solid fuel 
of their HTC products. Chemical analysis also had been done on the process 
water to verify its possibility of further usage. The outcome of the research 
showed that mixture of agricultural residue gave better quality of hydrochar and 
the produced hydrochar is comparable to brown coal. The process water has 
potential to be used in biogas plants. The research also suggested further study 
on the use of hydrochar as soil amendment or scrubbing material. 
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In addition, an interesting research is also conducted by Poerschmann et 
al., (2013). The research focuses on investigating the suitability of Olive Mill 
Wastewater (OMW) as the material for hydrothermal carbonisation through 
chemical analysis on the HTC product. The research concludes that the yield of 
hydrochar is low using OMW. However, there is useful substrate for biogas 
generation in the aqueous phase.  
Referring to research conducted by Mumme et al. (2011), digested maize 
silage is used to produce hydrochar using hydrothermal carbonisation. The 
research focuses on the effect of temperature towards carbon content and 
hydrochar yield. The research concludes that higher temperature increased the 
carbon content but reduces the yield of hydrochar. It is showed in figure 6. 
.   
FIGURE 2.5 Effect of temperature (Maize Silage) 
In addition, the research also showed briefly the effect of pH value to the 
reaction. With the same process condition, lower pH value increases heating 












Table 5 summaries the outcomes of the researches that had been selected as the 




Table 5 showed the research summaries for the journals referred for this project. 
TABLE 2.3 Research summaries 

















8hr 25 g of dried BLS 
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works better 
(Kang, Li, 


















75%, 85%, 95% Higher temperature and 
higher moisture gives lower 
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(Danso-
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brown coal. Process water 















C 14hr NA Low biochar generation but 
aqueous phase have potential 
for biogas production 
(Poerschmann 
et al., 2013) 












302 g digestate 
was diluted with 
198 g of water  
Higher temperatures and 
lower pH 
Increased the hydrochar’s 
carbon content but reduced 









C 20 min 75% 250
o
C HTC of food waste is 
efficient adsorbent for 







In addition, from most of the literature review, there are two ways to 
conduct the experiment which are using autoclave or steel batch reactors. 
TABLE 2.4 Research Methods summaries 
Material Methods References 
Black Liquor from 
paper making industry 
Autoclave (Kang et al., 2012) 
Faecal Biomass, 
synthetic faeces 
Steel Batch Reactor in Oil Bath (Danso-Boateng et al., 2013) 
Agriculture residue  Autoclave (Oliveira et al., 2013) 
Olive Mill Wastewater Autoclave (Poerschmann et al., 2013) 
Maize Silage Stirred pressure reactor with an 
external resistance heater  
(Mumme et al., 2011) 
Woody Biomass and 
Agro-Residue 




Gas-tight stainless steel tubular 
reactors in Oven 
(Lu et al., 2014) 
Organic Pollutants Autoclave (Weiner, Baskyr, 
Poerschmann, & Kopinke, 
2013) 
Urban Food Waste Parr stirred pressure batch 
reactor with heater 
(Parshetti et al., 2014) 
Beech (Fagus) wood 
chips 
High temperature entrained 
flow reactor with Steam heating 
(Tremel, Stemann, Herrmann, 
Erlach, & Spliethoff, 2012) 
There was little or no research conducted to convert POME to biochar using 
HTC process. Information can only obtained by referring to the experiment conducted 
with other materials. The most similar researches would be the research conducted on 
Olive mill wastewater and black liquor which we sludgy liquid waste. All the 
experiments are conducted at the temperature of lower than 300
o
C. Formaldehyde or 
citric acid is added in some experiments. Formaldehyde is a common polymerisation 
agent. It may increase the yield of hydrochar.  
Thus, based on the literature review, the operating parameters for this project are 






C, formaldehyde concentration of 0wt%, 
2.5 wt.% or 5.0 wt.% and humidity of 65%, 80% and 95% is selected for the 





3.1 EXPERIMENT PROCEDURE 
The following flowchart shows the general process flow of the project. 
 
FIGURE 3.1 Project Flow chart 
4.1.1 Sample Collection 
Palm Oil Mill Effluent (POME) is collected from Nasaruddin Palm Oil 
Mill in Bota Perak. The POME sample is collected at the sampling point 
right after all the separation processes for palm oil extraction. The sample 
is collected at this point as the experiment aims to verify the possibility of 
additional process on POME before any treatment process is done. 
 FIGURE 3.2 Raw POME from Palm Oil Mill 
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4.1.2 Dry Matter Analysis on Raw POME and Sample Preparation 
Dry matter analysis is used to know the original humidity in the feed 
material POME while preparing the dried solid sample for further HTC 
process. The steps are as follow: 
1. Aluminium dish is weighted. 
 FIGURE 3.3 Aluminium dishes 
2. Approximately 50g of sample is weighted with the dish. 
3. The sample is dried in the oven at 750C. 
 
FIGURE 3.4 Laboratory Oven 
4. The weigh is monitored every 3 hours until no changes in weigh are 
observed. 
5. The final weigh is recorded. 
6. Dry matter Percentage is calculated from the reading. The equation 
used is  
            
                  
                    
        ------ (Equation 1) 
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7. The experiment is repeated 4 times to obtain average dry matter 
percentage of the sample.  
8. Dried Pome is grinded in mortar and pestle. 
9. Dried POME is used for further reaction or analysis later in the 
experiment. 
*Note: The sample is dried to strictly monitor the water and solid content for the purpose 
of controlling the variable. Drying is not required for the actual process. 
4.1.3 Design of Experiment 
1. Taguchi method is used to design the experiment.(Fraley et al., 2007) 
2. With 3 variables with 3 levels, L9 Orthogonal Array is selected. 
TABLE 3.1 L’16 Orthogonal Array (Taguchi Method) 
  
3. Constructing the table: 















1 230 0 65     
2 230 2.5 80     
3 230 5 95     
4 270 0 95     
5 270 2.5 65     
6 270 5 80     
7 290 0 80     
8 290 2.5 95     
9 290 5 65     
*By using Taguchi Method, only 9 experiments is required compared to 27 experiments 
if the experiment is designed using factorial method. 
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3.1.1 HTC process 
Dried sample together with premeasured amount of water will go through 
HTC process using a 1L lab-scale autoclave. The steps are as follow: 
1. 0wt%, 2.5 wt.% or 5.0 wt.% of Formaldehyde is prepared. 
2. Amount of dried POME is weighed to match the pre-set ratio of 
formaldehyde solutions. 
3. The dried Formaldehyde solution to POME ratio (65%wt, 80%wt and 
95%wt) is prepared. The value is represented by % humidity. 
4. The mixture is added into the autoclave. 
 FIGURE 3.5 Autoclave 
5. Stirrer is set to 500 rpm. Pressure is increased automatically due to 
temperature settings.  
  FIGURE 3.6 Autoclave Control Panel 
6. A temperature of 230 oC, 270oC or 290oC will be applied for 8 hrs.  
7. The reactions are repeated with different changing Formaldehyde 
concentration, moisture content and temperature. 
3.1.2 Reaction Product Sample Preparation and Product Yield Measurement 
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1. The HTC-slurry is allowed to pass through a Whatman Filter Paper. 
2. The filtrate is collected in a sample bottle for further analysis. 
3. The residue (Solid hydro-char) is dried at 75oC for 24 hours in the 
oven. 
4. The dried solid is weighed to determine the yield. 
5. The dried solid is grinded with mortar and pestle and collected in 
sampling bottle for further testing. 
6. % yield is calculated from the readings. The equation used is  
        
                   
                
        ------- (Equation 2) 
3.1.3 Ash Content Analysis 
 ASTM Method D3174, standard testing method for ash content in coal 
sample is selected as a reference as this analysis. (Lindahl, n.d.) The 
reason is the aim of this process is to obtain solid fuel that is comparable 
to actual coal. 
1. The crucible with lid is weighed. The value is recorded. 
2. Approximately 1g of sample is weighed in the crucible. 
3. The final weight of crucible + lid+ sample is recorded. 
4. The crucible is put into a cold furnace. 
5. The furnace is heated up gradually to 450-500oC in one hour. 
6. The Furnace temperature reached 700-750oC at the end of second 
hour. 
7. The furnace is allowed to cool down. 
8.  The crucible is weighed again and the final weight is recorded. 
9. Ash Content is calculated from the readings. The equation used is  
      
                            
                              
       --------(Equation 3) 
10.  The experiment is repeated 3 times for each sample. Average is 
calculated. 





 TABLE 3.3 Ash Content Analysis 
3.1.4 Heating Value Analysis 
Bomb-calorie meter is selected to conduct the heating value analysis. 
 










Average  (% 
Ash) 
POME 
1     
 2     
3     
Solid 1 
1     
 2     
3     
Solid 2 
1     
 2     
3     
Solid 3 
1     
 2     
3     
Solid 4 
1     
 2     
3     
Solid 5 
1     
 2     
3     
Solid 6 
1     
 2     
3     
Solid 7 
1     
 2     
3     
Solid 8 
1     
 2     
3     
Solid 9 
1     
 2     
3     
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1. Approximately 0.5g of sample is measured in a sample cell. 
2. The ignition wire is applied and checked in the sample cell. 
3. Sample cell is inserted into the bomb calorie meter. 
4. The sample is ignited and change in temperature of the inner vessel 
overtime is recorded. 
5. The result of experiment is waited to be displayed in the screen. 
6. The result is recorded in the table. 
TABLE 3.4 Heating Value Analysis 
Sample Weight (g) Energy (J/g) 
POME   
Solid 1   
Solid 2   
Solid 3   
Solid 4   
Solid 5   
Solid 6   
Solid 7   
Solid 8   
Solid 9   
3.1.5 Carbone, Hydrogen, Nitrogen (CHN) Content Analysis 
The analyses are done on the samples in order to know the quality of the 
solid product. CHN analysis provides information about carbon content, 
hydrogen content, nitrogen content and sulphur content in a solid sample. 
It is a very important analysis for fuel characterisation. However, Carbon 
content is the major focus for this experiment. 
1. Approximately 0.2 g of sample is measured and wrapped in an 
aluminium foil. 
2. Sample is put on the sampling rack on CHN Analyser. 
3. The Sample is dropped into the furnace of CHN analyser. 
4. Result is waited to be displayed on the screen. 




3.1.6 Data analysis 
Data analysis is done to interpret the table generated using Taguchi 
method. Average value for each parameter can be compared while 
Signal-to-noise ratio analysis will be done on the data.  Average values of 
each parameters comparison show their relationship to the targeted 
performance characteristic while Signal-to-noise ratio analysis indicates 
the significant of each parameter to the process. 
1. Calculations: 






    --- For minimizing performance Characteristic 








   -- For maximizing performance Characteristic 
           ------- (Equation 4 & 5) 
                                                                         
                
                                     
(Fraley et al., 2007) 
2. Table 12 shows the classification of performance characteristics: 






3. Average values of each parameters and average SN value is 
calculated for each factor and level. 












Tavg,230 Wt%avg,0 H%avg,65 
2 
Tavg,270 Wt%avg,2.5 H%avg,80 
3 
Tavg,290 Wt%avg,5 H%avg,95 
5. Table 14 shows the tabulation for SN ratio analysis 
6. The average SN values are compared. The larger the R value the 
larger the effect the variable has on the process. 







SNT,230 SNwt%,0 SNH%,65 
2 
SNT,270 SNwt%,2.5 SNH%,80 
3 
SNT,290 SNwt%,5 SNH%,95 
∆ 
RT Rwt% RH% 
Rank 
… … … 
*R = SNmax - SNmin    ----------  (Equation 6) 
3.1.7 Simple error analysis 
With limited amount of time and resources, simple error analysis is done 
to signify the accuracy of project data. 
1. Second trial of HTC process is done based on parameter settings for 
solid 4. 
2. The Sample undergoes yield mass calculation, Ash Content Analysis, 
Heating Value analysis and CHNS analysis. 
3. Two trials are compared and the error for each parameters will be 
calculated using the equation 
         
                             
          
       ----------(Equation 7) 
4. The data is recorded. 
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3.2 Project Activities 
 




• Preliminary research on existing studies on the topic from journals 
and books 
• Understand the concept of hydrothermal carbonisation and Palm oil 
mill effluent (POME) 
• Understand the concept of design of experiment (Taguchi Method) 
Pre-
Experiment 
• Design of Experiment using Taguchi Method. 
• Equipment, chemical and laboratory acquiremement. 
• Collecting POME Samples from Palm oil mill. 
• Prelimary testing of experiment 
Experiment 
• Dry Mass Analysis for POME and Dry POME preparation 
• Conduct Hydrothermal carbonisation with designed parameters 




• Data Analysis 
• Conclude the experiment 
• Report Preparations 
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3.3 Project Key Milestones and Project Timeline 
 FIGURE 3.9  Project Key Milestones and Project Timeline 
No Detail/ Activities 1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 Selection of Project Topic
2 Preliminary background research
3 Requesting Laboratory and Chemicals
4 Submission of Extended Proposal
5 Proposal Defence
6 Design of Experiment using Taguchi Method
7 Collecting POME Samples from Palm oil mill
8 Prelimary testing of experiment
9 Submission of Interim Report
1 Conduct Hydrothermal carbonisation 
2 Conduct Heating Value Analysis
3 Conduct Ash Content Analysis
4 Conduct CHNS Analysis
5 Data Analysis
6 Selected best Operating Parameters
7 Conclude Experiment
8 Report Preparations
9 Submission of technical paper
10 Viva








RESULT AND DISCUSSION 
4.1 POME Dry Mass Analysis 
Results:  





*Calculations are in appendix A 
Discussion: 
POME is proven to be one type of high solid content waste water. High 
solid contain makes it harder to treat and more harmful to environment if release 
without treatment. However, high solid content makes it a possible good source 
to undergo hydrothermal carbonisation. The high moisture contain compare to 
other type of solid biomass makes it hard to be utilised. However, this 
characteristic suits the requirement of hydrothermal carbonisation which 
presence of water is required. 
4.2 Physical Characteristics of hydrochar 
Some observations are done on the hydrochar produces in the experiment. 
It is also proven that produced hydrochar hold the characteristic of combustible 
fuel. It can be ignited by flame.  
 FIGURE 4.1 Ignited Hydrochar 
Trials Sample weight (g) % Dry Mass 
1 5.0086 11.9694 
2 5.0122 11.9309 
3 5.0057 11.9524 
4 5.0244 11.9677 
5 5.0016 11.9522 



















































TABLE 4.2 Observation of the products 
Discussion:  
All samples are darker than raw POME. These changes in appearance 
signify the solid had undergoes certain degree of carbonisation. Logically, the 
higher the carbon contents in the sample, the darker the sample. Increasing 
temperature shows darker sample which signify higher degree of carbonisation. 
In addition, Lower concentration of Formaldehyde and lower humidity gives 
darker samples. However, this can only be observed easily in low reaction 
temperature. (230
o
C samples). On the other hand, higher temperature gives 
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greasier sample which signify more heavy hydrocarbons are broken down to 
form slightly oily content. Lower Formaldehyde concentrations give greasier 
product. Formaldehyde as a polymerisation agent hold the hydrocarbons together 
instead of breaking into lighter hydrocarbon which contribute to the greasiness of 
the product. 
4.3 Hydrochar Yield 
The significance of this analysis is the amount of output product can be 
known based on the operating conditions. 
Results: 














1 230 0 65 100.0011 61.2704 61.2697 
2 230 2.5 80 50.0236 35.0088 69.6887 
3 230 5 95 13.0015 7.3633 56.6342 
4 270 0 95 13.0023 4.8128 37.1499 
5 270 2.5 65 50.0233 26.5560 53.0873 
6 270 5 80 50.0126 29.4080 58.8012 
7 290 0 80 50.0155 12.6868 25.3657 
8 290 2.5 95 25.0023 14.9363 59.7397 
9 290 5 65 50.0032 30.2316 60.4593 
TABLE 4.4  Average value analysis for yield 
Yield, % 
Level Temperature Formaldehyde Humidity 
1 62.53 41.26 58.27 
2 49.67946667 60.84 51.29 
3 48.52 58.63 51.17 
TABLE 4.5. SN ratio Analysis for yield 
Yield, % 
Level Temperature Formaldehyde Humidity 
1 35.89 31.74 35.29 
2 33.76 35.63 33.45 
3 33.08 35.36 34.00 
∆ 2.81 3.62 1.85 





FIGURE 4.2 Average Values plotting of Yield 
Discussion:  







C; Formaldehyde concentration: 0%wt, 
2.5%wt, 5.0% wt; Feed Humidity: 65wt% H2O, 80wt% H2O, 95wt% H2O) From 
the signal to noise ratio analysis, it is proven that formaldehyde concentration has 
then highest effect on yield while temperature has slightly lower effect on yield. 
Humidity does not affect yield significantly compare to these two parameters. 
From the average value analysis, yield is lower when temperature is higher. The 
reason is because more solid hydrocarbons are broken down into liquid or gas in 
high temperature. Furthermore, high humidity or solution to POME ratio shows 
lower yield. The reason is more mineral ions are dissolved into the water from 
the solid where mass transfer from solid phase to liquid phase occurred. High 
formaldehyde show higher yield as formaldehyde is a polymerisation agent 
which prevents the solid hydrocarbons from breaking down. However, higher 
yield does not means that the parameters are the best as quality and fuel potential 
for the product is also important. From the average value analysis, we can see 
that the yield between level 2 and level 3 for all three parameters are near. Hence, 
in terms of economical effectiveness, it is suggested that temperature and 
formaldehyde should operate at level 2 which is 270
o
C and 2.5%wt respectively. 






















4.4 Ash Content analysis 
Ash content is one of the important characteristic for any fuel. Lower ash 
content means lesser possibility of furnace tubing erosion due to ash and also ash 
coating that inhibit heat transfer across furnace tube in case of utility application. 
Results:  
TABLE 4.6 Ash Content 
Sample Temperature (
O
C) Formaldehyde (wt.%) Humidity,  
% 
% Ash Content 
POME - - - 10.8235 
SOLID 1 230 0 65 10.8693 
SOLID 2 230 2.5 80 9.1282 
SOLID 3 230 5 95 4.5096 
SOLID 4 270 0 95 5.9145 
SOLID 5 270 2.5 65 5.7906 
SOLID 6 270 5 80 3.8038 
SOLID 7 290 0 80 5.9514 
SOLID 8 290 2.5 95 3.9141 
SOLID 9 290 5 65 3.6301 
*Calculations can be found in appendix B 
TABLE 4.7 Average Value Analysis for Ash Content 
Ash Content, % 
Level Temperature Formaldehyde Humidity 
1 8.17 7.58 6.76 
2 5.17 6.28 6.29 
3 4.50 3.98 4.78 
TABLE 4.8 SN ratio Analysis for Ash content 
Ash Content, % 
Level Temperature Formaldehyde Humidity 
1 -17.67 -17.22 -15.73 
2 -14.10 -15.44 -15.43 
3 -12.85 -11.96 -13.46 
∆ 3.57 5.26 2.27 





FIGURE 4.3 Average Values plotting of Ash Content 
Discussion:  
Generally, most hydrochar except experiment 1 have lower ash content 
than POME. It proves that hydrothermal carbonisation reduces ash content in the 
biomass. The data proved that higher temperature promotes lower ash content. 
The reason would most probably be the mineral in the POME which contribute 
to the ash content dissolve more into water in higher temperature and the 
consequence high pressure. On the other hand, there is positive effect in reducing 
the ash content for increasing formaldehyde concentration.. Next, higher 
humidity or solution to POME ratio creates lower ash content products. The 
reason is more mineral ions which contribute to ash content are more soluble 
with higher amount of water (lower concentration of ions in water). For the 
signal to noise ratio analysis, it is proven that formaldehyde concentration is the 
biggest contributor in reducing ash content. The second is temperature while 
humidity or solution to solid ratio has the least significance effect. In conclusion, 
in terms of reducing ash content, the best operating condition would be level 3 






























4.5 Heating value Analysis 
Heating value analysis is conducted to know the energy content in the 
sample as a fuel. 
Results: 
TABLE 4.9. Heating Value results 
Sample Temperature (
O
C) Formaldehyde (wt.%) Humidity,  
% 
Heating value (J/g) 
POME - - - 23544 
SOLID 1 230 0 65 28118 
SOLID 2 230 2.5 80 28270 
SOLID 3 230 5 95 30075 
SOLID 4 270 0 95 31707 
SOLID 5 270 2.5 65 32235 
SOLID 6 270 5 80 32779 
SOLID 7 290 0 80 32018 
SOLID 8 290 2.5 95 31867 
SOLID 9 290 5 65 32988 
TABLE 4.10 Average Value Analysis for Heating Value 
Heating Value, kJ/kg 
level  Temperature Formaldehyde Humidity 
1 28821 30614.33 31113.67 
2 32240 30790.67 31022.33 
3 32291 31947.33 31216.33 
TABLE 4.11 SN ratio Analysis for Heating Value 
Heating Value, kJ/kg 
Level Temperature Formaldehyde Humidity 
1 89.19 89.70 89.84 
2 90.17 89.75 89.82 
3 90.18 90.08 89.88 
∆ 0.98 0.38 0.02 







FIGURE 4.4 Average Values plotting of Ash Content 
 
Discussion:  
First, all hydrochar have higher heating value than POME which signify 
the hydrothermal process is successful to increase energy density of biomass. 
From the average values analysis, higher temperature produces higher heating 
value hydrochar. High degree of carbonisation in hydrochar under higher 
temperature causes higher carbon content and hence higher energy density. 
Slight increase in heating value is observed when formaldehyde is added. On the 
other hand, increasing humidity also gives positive result in increasing heating 
value. Based on signal and noise ratio analysis, temperature has the most 
significant effect on increasing heating value. Booth effect of formaldehyde and 
humidity are not significant. Humidity has the lowest significance in increasing 
heating value. From the analysis of result, we can conclude that temperature at 
level 2 is preferable as the effect of increasing temperature to level 3 is not 


































4.6 Carbon content from CHN analysis 
Carbon, Hydrogen , nitrogen analyser is used to verify the carbon content 
in the hydrochar produced in the experiments. 









C % H% N% 
POME - - - 50.865 7.919 1.448 
SOLID 1 230 0 65 60.114 8.523 1.286 
SOLID 2 230 2.5 80 60.662 8.680 1.152 
SOLID 3 230 5 95 65.764 8.802 0.468 
SOLID 4 270 0 95 68.300 9.460 0.841 
SOLID 5 270 2.5 65 69.068 9.187 1.077 
SOLID 6 270 5 80 68.390 9.135 0.807 
SOLID 7 290 0 80 66.371 8.968 0.956 
SOLID 8 290 2.5 95 69.616 9.094 0.574 
SOLID 9 290 5 65 70.190 9.254 0.773 
TABLE 4.13 Average Value Analysis for Carbon content 
Carbon  Content % 
Level Temperature Formaldehyde Humidity 
1 62.18 64.93 66.46 
2 68.5860 66.45 65.14 
3 68.73 68.11 67.89 
TABLE 4.14 SN ratio Analysis for Carbon Content 
Carbon Content, % 
Level Temperature Formaldehyde Humidity 
1 89.19 89.70 89.84 
2 90.17 89.75 89.82 
3 90.18 90.08 89.88 
∆ 0.98 0.38 0.02 







FIGURE 4.5 Average Values plotting of Ash Content 
 
Discussion:  
First, all hydrochar have higher carbon content, higher hydrogen content, 
lower nitrogen content compare POME which signify the hydrothermal process 
is successful to increase energy density and carbon content of biomass. From the 
average values analysis, higher temperature produces higher carbon content 
hydrochar. High degree of carbonisation in hydrochar under higher temperature 
causes higher carbon content. Slight increase in carbon content is observed when 
formaldehyde is added. On the other hand, increasing humidity also gives 
positive result in increasing heating value (level 3 is higher than level 1). 
However, the pattern is not obvious and clearly explains the characteristic. This 
is due to the low significance of humidity had affected by the temperature and 
formaldehyde concentration. Based on signal and noise analysis, temperature has 
the most significant effect on increasing carbon content. Formaldehyde 
concentration is the second significant factor. Humidity has the lowest 
significance in increasing carbon content. From the analysis of result, we can 
conclude that temperature at level 2 is preferable as the effect of increasing 
carbon content to level 3 is not significant. Furthermore, effect of formaldehyde 

































4.7 Selection of best operating parameter 
Most of result analysis suggest that both temperature and formaldehyde 
concentration is sufficient to provide good result using level 2 settings except for ash 
content. Most of the parameter work best using level 3 settings but the improvement is 
not significant. Hence, method 5 is selected. The comparison of solid 5 with medium 
volatile bituminous coal is provided in table below: 
TABLE 4.15 CHN Analysis results 





Bituminous Coal  30108-30971 13.03-13.18 73.39-74.23 (Vaysman & Lu, 2012) 
SOLID 5 32235 5.7906 69.0680 - 
Solid 5 has better heating value but lesser carbon content compared to medium 
volatile bituminous coal. However, it is approximately 2 times lower in ash content. Ash 
content is the main culprit of pipeline erosion and ash accumulation in hot utility system. 
Ash accumulation can affect heat transfer efficiency and also causes surface overheating 
and boiler tube meltdown. 
Solid 5 was prepared with humidity or solution: solid ratio of 65wt% water. The 
increment in humidity is proven to be giving positive results for increasing heating value, 
reducing ash content and increasing carbon content although the effect is not 
significance. Hence, it is suggested that POME can be used directly before it leaves the 
processing mill. This reduces the cost for water feeding or POME drying. In fact, the 
humidity or solution : solid ratio of 88.05% (11.95% dry matter) will gives better result. 
In conclusion, the selected operating conditions are 270
o
C, 2.5 wt% 
Formaldehyde concentration and 88.05% humidity which is the original obtained POME. 
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4.8 Error Analysis 
With limited amount of time and resources, simple error analysis is done to signify the 
accuracy of project data. 
Results of solid 4: 
TABLE 4.16 Solid 4 Results 
Trial Yield, % Ash 
Content, %  
Heating Value, 
J/g 
Carbon content % 
1 37.1499 5.9145 31707 68.30 
2 36.5520 6.0253 31605 67.86 
|Difference| 0.5979 0.1108 102 0.44 
Mean 36.8510 5.9699 31656 68.08 
% Error 1.62 1.86 0.32 0.65 
Discussion: 




CONCLUSION AND RECOMMENDATION 
 As a conclusion, this project is very relevant to current situation of Malaysia as 
the waste product of one of the largest industries in Malaysia is selected. Through the 
literature review, it is believed that hydrothermal carbonisation is the effective way to 
upgrade high moisture content biomass waste products into useful product. In addition, 
lower energy consumption compare to other thermal conversion process. To study the 
hydrothermal carbonisation process itself, the effect of temperature, effect of additives 
(formaldehyde) concentration and also solid:water ratio (humidity content) towards the 
reaction are suggested to study through the suggested methodology. 
 The Project had verified that HTC process has potential to upgrade POME into 
solid fuel. It is supported by the positive result by ash analysis, heating value analysis 
and CHN analysis. Preliminary observation and possible explanations are made. Product 
of HTC process produces solid with fuel characteristics.  
The result of the experiment shows that HTC process has high potential to 
upgrade POME to higher value product. Increasing temperature and humidity reduces 
yield and ash content but increases heating value and carbon content. Increasing 
formaldehyde concentration gives positive results to all the parameters. The effect of 
temperature and formaldehyde concentration is more dominant in HTC process. The 
suggested operating conditions for HTC process are 270
o
C, 2.5 wt% Formaldehyde 
concentrations and 88.05% humidity which is the originally obtained POME. 
As for recommendation, the project can be further developed by investigating the 
potential of hydrochar generated by hydrothermal carbonisation of POME as the 
adsorbance for dye polluted waste water. Besides, potential of aqueous phase waste 
water as sources of chemical productions can be verified. This project is focusing on 
observing the pattern of changing each parameter instead of a focus, detail and specific 
testing parameter. It is recommended that detail investigation can be done on each 
parameter separately with detail error analysis. It is also possible to further explore 
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Trials Dish weight (g) Dish + sample (g) Final weight (g) % Dry Mass 
1 0.5559 5.5645 1.1554 11.9694 
2 0.5534 5.5656 1.1514 11.9309 
3 0.5559 5.5616 1.1542 11.9524 
4 1.5015 6.5359 2.1040 11.9677 
5 1.4646 6.4662 2.0624 11.9522 
   Average 11.9545 
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1 51.2316 53.4579 51.4792 11.1216 
10.8235 2 81.0454 82.9763 81.2549 10.8499 
3 77.7082 79.2093 77.8658 10.4990 
Solid 1 
1 51.2399 52.5051 51.3778 10.8995 
10.8693 2 78.1285 79.4274 78.2702 10.9092 
3 81.6750 82.8825 81.8054 10.7992 
Solid 2 
1 51.2344 53.2571 51.4206 9.2055 
9.1282 2 78.4032 80.7187 78.6140 9.1039 
3 78.1222 80.1552 78.3067 9.0753 
Solid 3 
1 82.0802 83.6016 82.1484 4.4827 
4.5096 2 85.3433 86.4687 85.3939 4.4962 
3 87.1903 87.7002 87.2135 4.5499 
Solid 4 
1 51.2428 52.0124 51.2889 5.9901 
5.9145 2 87.1935 88.0458 87.2416 5.6436 
3 85.3464 85.6983 85.3679 6.1097 
Solid 5 
1 74.9479 77.0945 75.0730 5.8278 
5.7906 2 81.5939 84.3078 81.7518 5.8182 
3 82.0839 84.6635 82.2316 5.7257 
Solid 6 
1 51.2397 52.3184 51.2929 4.9319 
3.8038 2 85.8853 86.9687 85.9194 3.1475 
3 81.0528 82.0882 81.0873 3.3320 
Solid 7 
1 82.0851 83.4164 82.1682 6.2420 
5.9514 2 84.4215 85.5889 84.4910 5.9534 
3 77.7748 79.1850 77.8546 5.6588 
Solid 8 
1 51.2327 52.3350 51.2883 5.0440 
3.9141 2 87.8755 88.9162 87.9103 3.3439 
3 85.1815 86.3919 85.2221 3.3543 
Solid 9 
1 85.6015 86.8419 85.6456 3.5553 
3.6301 2 78.4122 79.6543 78.4565 3.5665 
3 87.3467 88.7213 87.3985 3.7684 
B: SIGNAL TO RATIO CALCULATION 
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